Proteins of an apical organelle, the rhoptry, of Plasmodium falciparum are secreted into the host erythrocyte membrane during merozoite invasion. To identify the membrane-binding site for rhoptry proteins, we examined the binding of parasite proteins to phospholipid vesicles. A specific interaction between the rhoptry proteins of 140, 130, and 110 kDa to vesicles containing phosphatidylserine and phosphatidylinositol was observed. Both phospholipids are preferentially localized on the inner leaflet of the bilayer. Binding to other phospholipids, including sphingomyelin, was considerably less. In addition, the 120-kDa serine repeat antigen known as SERA, which was determined to be present on the merozoite, bound to phosphatidylserine vesicles and much less to vesicles of other phospholipids. Both the rhoptry and SERA proteins exhibited a preference for phosphatidylserine with short acyl side chains. Specific binding of SERA and the rhoptry proteins to phospholipids of the inner leaflet of membranes suggests a possible mechanism by which the proteins facilitate invasion into host cells.
Pathogenic microorganisms have evolved various strategies to invade mammalian cells and survive intracellularly. Certain features, however, are common to many pathogens. Recognition of the correct host cell is usually regulated by receptors. Invasion occurs within an endocytotic vacuole. Entry into nonphagocytic host cells may involve subversion of transmembrane signalling mechanisms that result in reorganization of the cytoskeleton around the endocytotic vacuole much in the same way that growth factors and cytokines are endocytosed (30) . Once inside the host cell, the pathogens appear to thwart lysosomal destruction by secreting factors that block endosome-lysosome fusion or inactivate lysosomal enzymes. Many of these processes, which have been demonstrated for certain bacterial pathogens, also hold true for intracellular protozoan parasites although the detailed knowledge of the mechanism of invasion for many parasites is not yet known (21) .
One feature that differentiates plasmodium and other parasites of the phylum Apicomplexa, such as Toxoplasma gondii and Babesia bovis, from other intracellular parasites is that invasion only proceeds when the apical end of the parasite is aligned with the erythrocyte. This so-called apical reorientation is taken to imply that contents of the apical organelles, the rhoptries and micronemes, have a role in invasion and must interact with the erythrocyte plasma membrane. Although many of the rhoptry proteins of Plasmodium falciparum have been identified and their primary structure is known (6, 29) , we have little idea of the mechanism by which they interact with the erythrocyte and function to facilitate invasion. Electron microscopy shows that contents of the rhoptries are exocytosed, and immunofluorescence studies indicate that a 110-kDa rhoptry protein is secreted into the host plasma membrane during invasion (1, 32) . It has been proposed that the rhoptry proteins and possibly lipid are responsible for the formation of the endocytotic vacuole membrane known as the parasitophorous vacuole membrane (17, 26) .
The aim of the present study was to identify the membrane target of the rhoptry proteins in an effort to understand their function in invasion. To identify such sites initially, we examined binding of parasite proteins to intact erythrocytes and membranes. The major merozoite surface protein that binds to intact erythrocytes is MSP-1, the merozoite surface glycoprotein of 195 kDa, as reported previously (27) . Several other parasite proteins bound weakly to erythrocytes but more strongly to membranes. Binding of rhoptry proteins of 140, 130, and 110 kDa, which form a complex known as RHOP-H (16), to membranes was not significantly affected by proteases, suggesting that the primary binding site of the proteins may be lipid. Thus, we examined binding to phospholipid vesicles.
MATERIALS AND METHODS
In vitro culture of P. falciparum and metabolic labeling. The following isolates of P. falciparum were cultured (34): FCR-3 (Gambia) and Kl (Thailand). For metabolic labeling, synchronous cultures were concentrated at the mid-schizont stage by centrifugation on a 60% Percoll gradient (11) . Parasites were then labeled with [35S]methionine (100 ,uCi/ml) for 6 h. Typically, this was 8 h prior to the beginning of merozoite release. The radiolabeled medium was exchanged for RPMI medium-10% human serum. The spent culture supernatant was collected for 6 h, replaced with fresh medium, and collected 14 h later. The later culture supernatant was used for binding assays since we had observed that rhoptry proteins are more abundant in this fraction.
Erythrocyte binding assay. For the binding assay, normal human erythrocytes, type A positive, were used. [35S]methionine-labeled culture supernatant (0.3 ml) was added to erythrocytes (0.1 ml) for 15 min at room temperature. The cell suspension was layered over silicon oil (Dow Corning Corp., Midland, Mich.) and centrifuged in a 1.5-ml Eppendorf tube for 2 min at 14,000 x g. The pellet was mixed with 0.5 M NaCl in PBS buffer (0.08 ml) (16) 30 min, centrifuged for 4 min at 4°C, washed in ice-cold RPMI medium twice, and then eluted with 0.08 ml of NaCl (0.5 M). The fraction eluted with NaCl was solubilized in sample buffer and analyzed by SDS-PAGE (27) . For binding in the presence of Ca2 , Ca2+ (2 mM) was added to culture supernatant prior to the addition to liposomes. The presence of proteins on liposomes after the NaCl wash was determined by boiling the liposomes in sample buffer and analyzing them by SDS-PAGE.
Immunoprecipitation. For immunoprecipitation of parasite proteins from total supernatant (0.05 ml) and from NaCl eluates from erythrocytes or liposomes (0.08 ml), the samples were diluted with water (0.1 ml). The following monoclonal antibodies (MAbs) were used: MAb 1B9 directed against RHOP-H (32) and MAb 5E3 directed against SERA (8) . MAb 5E3 was a generous gift from Jeff Lyon. MAbs were precoupled to goat anti-mouse immunoglobulin G (Cappel Laboratories, Cochranville, Pa.). Sepharose-coupled MAbs were incubated with total supernatant or NaCl eluate for 1 h and washed twice with buffer containing 1% Nonidet P-40 and 1% bovine serum albumin and once with PBS buffer containing 1% Nonidet P-40. Precipitates were analyzed by SDS-PAGE.
Immunofluorescence. Smears (Fig. 2) . The RHOP-H complex bound most strongly to vesicles of PS and PI (Fig. 2, lanes b, h, and i) . Binding to other phospholipids, PC and PE, could be detected upon longer exposure of the radioactivity but was considerably less than the binding to PS (Fig. 2, lanes b to i) and j) . No proteins remaining bound to liposomes after the NaCl elution were detected by SDS-PAGE.
Phospholipid binding specificity was further explored by examining binding to vesicles of PS with different fatty acid side chains. SERA exhibited a preference for short-chain fatty acids: binding to dilauroyl PS was greater than to PS with longer side chains (Fig. 3, lane a) Fig. 4a and b) and intracellularly in the ring-infected erythrocyte ( Fig. 4c and d) . From the micrographs, it is not possible to determine whether SERA is localized on the merozoite surface or underneath the membrane; however, it does appear to have a polar distribution on both extracellular and intracellular parasites. Some SERA appears to be shed from the merozoite in the immediate vicinity of the released merozoite (Fig. 4b) derived from the merozoite surface. In the ring-infected erythrocyte, it appears that SERA is associated with the ring or parasitophorous vacuole membrane. A detailed electron microscopic study will be required to clarify the exact localization of SERA at different stages. The results shown in Fig. 4 indicate that SERA is associated with the extracellular merozoite and is transferred with the parasite to the ring-infected stage. The SERA detected on ring stages is not due to de novo synthesis because SERA is not synthesized until the trophozoite stage.
DISCUSSION
Invasion of erythrocytes by the malarial merozoites is a two-step process. The first step is host cell recognition and attachment, determined by binding to an erythrocyte receptor. In the case of P. falciparum, the most lethal and widespread of the human malarial parasites, the major erythrocyte receptor has been identified as glycophorin (24, 25) . The receptor for Plasmodium vivax, another species infecting humans, has been identified as the Duffy glycoprotein (3, 20) . A major P. falciparum merozoite surface protein, MSP-1, and a microneme protein, EBA-175, bind to glycophorin and may be the parasite proteins that mediate host cell recognition and attachment (7, 27) .
The second step of invasion is internalization, which involves entry in the parasitophorous vacuole. Receptor binding alone does not appear to be sufficient to trigger endocytosis as it would in phagocytic entry. It is commonly assumed that the parasite factors that orchestrate parasite entry are localized in the apical organelles, the micronemes and rhoptries. The origin of the parasitophorous vacuole membrane has been debated (17) . It has been proposed that it is derived from the host or the parasite. Although the vacuole membrane does not appear to contain host protein, it does contain erythrocytederived lipid (12) . Other studies indicate that lipid derived from the apical end of the merozoite enters the host erythrocyte possibly in the parasitophorous vacuole (10, 19) . These two models are not mutually exclusive, and it is possible that the vacuole contains lipid derived from both the parasite and host (12) . We have suggested that the proteins of the rhoptry may be organized in a membrane-like structure in the rhoptry organelle since they are solubilized in the isolated organelle by phospholipases (11) . Electron microscopy studies strongly suggest that they are secreted in a lamellar form (1) . RHOP-H complex is secreted into the erythrocyte membrane during invasion (32) , and it is possible that RHOP-H and other rhoptry proteins, associated with lipid, integrate into the host plasma membrane to initiate formation of the parasitophorous vacuole. How (2, 28) .
In a previous study, we had shown that RHOP-H proteins bind to phospholipid vesicles (31) . In that study, RHOP-H appeared to exhibit a similar preference for PS, PC, and PI. However, there are several differences in the preparation of vesicles between the two studies. In the previous study, the phospholipids used contained mixed fatty-acid side chains and were prepared as mixtures with cholesterol. In this study, we used phospholipids of greater purity and with identical acyl side chains to compare binding preference. Furthermore, cholesterol is known to modify packing of the acyl side chains in the vesicle, rendering the vesicles thicker and decreasing their permeability (5, 33) .
Both PS and PI are localized preferentially on the inner leaflet of the membrane (22) . Sphingomyelin and PC are the major outer leaflet phospholipids in erythrocytes, and PE and PS are the major inner leaflet lipids. PI is a minor inner leaflet phospholipid, constituting less than 1% of the total (14 (30) .
